increase). Eleven studies reported the concentration of Campylobacter, as well as, or instead of, the prevalence. Studies that sampled before and after specific stages of processing showed that the concentration of Campylobacter decreased after scalding (minimum decrease of 1.3 cfu/g, maximum decrease of 2.9 cfu/rnl.}, evisceration (0.3 cfu/g) , washing (minimum 0.3 cfu/ mL, maximum 1.1 cfu/rnl.}, and chilling (minimum 0.2 cfu/g, maximum 1.7 cfu/carcass) and increased after defeathering (minimum 0.4 cfu/g, maximum 2.9 cfu/ mL). Available evidence is sparse and suggests more data are needed to understand the magnitude and mechanism by which the prevalence and concentration of Campylobacter changes during processing. This understanding should help researchers and program developers identify the most likely points in processing to implement effective control efforts. For example, if contamination will occur during defeathering and likely during evisceration, critical control points postevisceration are likely to have a greater effect on the end product going to the consumer.
INTRODUCTION
Campylobacter is one of the most common bacterial causes of acute gastroenteritis in humans living in developed countries (AlIos, 2001 ). -Epidemiological studies often implicate the consumption of undercooked poultry products or the mishandling of raw poultry products as ©2010 Poultry Science Association Inc. Received April 28, 2009 . Accepted February 12, 2010 author: mguerinssuoguelph.ca the most likely source of exposure to Campylobacter (Kapperud et al., 1993 (Kapperud et al., , 2003 Luber et al., 2006) . National-scale genotyping of Campylobacter species in Scotland was used to quantify the relative importance of various possible sources of human infection; most clinical isolates were attributed to chicken meat, identifying it as the principal source of Campylobacter infection in humans (Sheppard et al., 2009) . Using a quantitative risk assessment, Lindqvist and Lindblad (2008) estimated that the number of human cases from mishandling fresh chicken can be reduced to less than 42 per 20,000 mishandlings by limiting Campylobacter contamination to <4 log cfu/carcass. For frozen chicken, this estimate was less than 4 cases per 20,000 mishandlings. In some developed countries, poultry products have become an increasingly larger part of the diet. For example, in Canada, the per capita consumption increased from an average of 36.5 kg/person in 2003 to 37.7 kg/person in 2007 (Statistics Canada, 2008) ; in the United States, the per capita consumption increased from an average of 56.3 kg/person to 66.2 kg/person between 1993 (US Census Bureau, 2003 .
The prevalence of Campylobacterin market age or near market age (preslaughter) broiler chicken flocks ranges from 3 to 90%, depending on the country (Shane, 2000; Newell and Fearnley, 2003; Hofshagen and Bruheim, 2005) , and isolation rates within positive flocks at slaughter have been reported to be high (2':80%; Jacobs- Reitsma et al., 1994) . Within the processing plant, carcasses pass through multiple stages before reaching the final product; each bird is first killed and bled, followed by scalding, defeathering, evisceration, washing, and air or water immersion chilling. Thus, the potential exists for the prevalence or concentration, or both, of pathogenic microorganisms on the carcass surface to change as carcasses pass through each stage. Systematic reviews (SR) are used to summarize the current state of knowledge about specific research questions; they differ from traditional narrative reviews (Cook et al., 1997; Sargeant et al., 2006) in that they investigate a specific question using a multi-step, thorough, transparent evaluation of articles, assessed critically for both content as well as method of research. Sources of bias are reduced at all stages of the review by following a rigorous and structured research protocol. Although this method will not eliminate publication bias, the SR approach maximizes the likelihood of finding all available relevant literature (Sargeant et al., 2006) .
The large quantity of food safety research necessitates a structured approach to identifying, appraising, and summarizing data so that decision makers can access timely information on the most relevant scientific literature. Potentially, such information, such as change in prevalence on poultry through carcass processing, can be used for developing or improving Hazard Analysis and Critical Control Points (HACCP) in poultry processing plants, thus continuing to ensure a safe food supply. The aim of this SR was to describe the prevalence of Campylobacter during the processing of chicken carcasses and to determine which stages lead to an increase or decrease in the prevalence of the bacteria on the carcasses, with the project goal of identifying stages of processing most likely to be good targets for further intervention studies to reduce Campylobacter on the final product.
MATERIALS AND METHODS
The initial literature search, and screening of the citations identified by the search for relevance, was conducted using the broad study question, "What is the evidence for effective interventions at primary and secondary processing to reduce Campylobacter spp. on chicken carcasses and other raw poultry products?" For the purpose of this review, primary processing refers to the processing of chickens from the point at which they enter the slaughterhouse (i.e., live bird supply) through slaughter, defeathering, evisceration, carcass washing, and chilling. Secondary processing refers to the process of cutting up chicken carcasses (cutting, portioning, and deboning) for sale as pieces, such as chicken breasts or quarter chicken. Secondary processing occurs between the chilling and packaging-labeling stages. Tertiary processing (e.g., marinating and smoking) was not part of this review.
During relevance screening, it became evident that the search resulted in 2 different types of studies: 1) those that evaluated the effectiveness of specific interventions during processing and 2) those that determined the prevalence of Campylobacter on carcasses during processing. As a result, 2 separate SR were conducted. The methods presented here relate to the original search details, followed by details specific to studies that evaluated prevalence.
Literature Search
A search algorithm was developed to include key words for "Campylobacter," "chicken," and "processing." More specifically, one pretested algorithm was used to search the literature with the following key words: (Campy*) AND (Chicken* OR Poultry* OR flock* OR gallus* OR broiler*) AND (hygiene OR disinfect* OR process* OR carcass OR carcasses OR intervention OR interventions OR abattoir OR abattoirs OR holding pen OR holding pens OR post harvest OR post-harvest OR immers* OR defeathering OR de-feathering OR skin OR scald" OR eviscerat* OR slaughter* OR stun OR kill OR HACCP OR chlorin* OR chill* OR wash* OR rinse OR steam OR spray OR acid* OR season*).
Adjusting for minor differences in syntax rules, the algorithm was applied to 8 electronic bibliographic databases that included veterinary science and agriculture subject areas, from inception until the end of 2006. The databases included were: Medline (Silverplatter: 1950 -Nov. 2006 ), Agricola (1970 -Nov. 2006 ), Commonwealth Agricultural Bureaux International (1973 -0ct. 2006 ), Scopus (1966 -Dec. 2006 ), Current Contents (1999 -Dec. 2006 ), Food Science and Technology Abstracts (1969 -Dec. 2006 ), Biological Sciences (1982 -Dec. 2006 ), and PubMed (1950 -Dec. 2006 ). Citations and abstracts were uploaded from the electronic databases into an online SR data management program (SRS 3.0; TrialStat Corporation, Ottawa, Ontario, Canada) . Duplicate citations were removed using automated and manual deduplication procedures.
To ensure that all possible relevant articles were captured, the search strategy was verified by checking the reference lists of the 3 most recent and relevant primary articles (Johnsen et al., 2006; Northcutt et al., 2006; Corry et al., 2007) and a random selection of 3 literature reviews (Yang et al., 2002; Oyarzabal, 2005; Hilmarsson et al., 2006) . A few 2007 articles were captured in the search because, as of the date of the search, they were available online and indexed in the database before they were actually published. All articles contained within the reference lists that mentioned microbial OR specific microbial AND chicken AND processing were verified to be part of the current database and, if not yet included, were added to the SRS data management program.
Relevance Screening
Relevance Screening I. Three criteria were used to screen abstracts for relevance. The abstracts had to 1) describe primary research; 2) describe the assessment of risk factors or interventions, or microbial prevalence sampling, during primary or secondary processing of chicken carcasses or raw chicken products; and 3) mention isolating Campylobacter spp. during the study. These criteria were evaluated by 2 individuals who independently reviewed each abstract. For each citation, an agreement had to be reached that the citation was relevant for the study. If disagreements arose, they were settled by consensus. Full articles were then obtained for all abstracts that passed the above criteria.
Relevance Screening II. The full articles were then screened for the following information: 1) the type of study (randomized controlled trial, quasi-experiment, challenge trial, cohort study, case-control study, crosssectional study, other), 2) the type of article (e.g., full publication, conference proceeding, government or industry report, thesis, nonprimary literature), 3) whether the citation referred to a conference proceeding that did not include sufficient detail to enable quality assessment (yes or no), 4) whether the article was in English (yes or no), and 5) whether the article pertained to chicken or chicken products (yes or no). The purpose of the study (intervention study vs. sampling to determine prevalence at more than one point in processing) and sections of the processing chain sampled were recorded to allow sorting of the articles into the 2 SR. At this stage, an article was excluded if it 1) was not detailed enough to assess quality (e.g., some conference proceedings), 2) was unavailable in English (excluded because funds for translation were unavailable), 3) did not pertain to chicken or chicken products (e.g., only sampled the hands of plant employees), 4) obtained Campylobacter spp. samples from chicken carcasses at a single point during processing, or 5) could not be obtained.
Quality Assessment and Data Extraction
All relevant articles were assessed for validity and quality. At this stage, the studies were divided for use into the 2 separate SR. The remainder of the methods reported here pertain to those studies that obtained prevalence-samples for the isolation of Campylobacter spp. from chickens or carcasses at more than one point during chicken processing. Exclusion criteria included the following: 1) the study sampled at multiple points but only a single point was during primary or secondary processing (e.g., samples were collected on-farm or from transport crates, but from only one point during processing); 2) the study took only environmental samples within the processing environment for Campylobacter spp.; 3) it could not be determined at which stage of processing sampling occurred; 4) the prevalence estimates served only to provide a concurrent comparison group for an intervention trial; 5) the study's objective was to compare Campylobacter strains; and 6) prevalence data (number positive, total number sampled, and point in chain of sampling) were not provided (e.g., the data were summarized graphically but individual prevalence values were not provided).
The articles were assessed by 2 reviewers who independently extracted data from each article. A data extraction form was used to minimize the risk of transcription error and provide a record of the data collected for easy accuracy checks (Sargeant et al., 2006) . Extracted data included the population, a description of sampling protocols, culture method, the prevalence of Campylobacter at various stages of processing, the concentration of Campylobacter at various stages of processing (where available), and factors potentially related to prevalence or concentration (e.g., air vs. water immersion chilling).
To understand how the prevalence and concentration of Campylobacter change as carcasses progress through primary processing, we identified all studies that sampled immediately before and after any of the major stages of chicken processing (scalding, defeathering, evisceration, washing, and chilling) and calculated the difference in prevalence or concentration, or both, between before and after the stage. For this purpose, certain assumptions were made. We considered samples collected postscalding and predefeathering as representative of the same stage of processing because the time between scalding and defeathering is relatively short and there are no intervention steps in between. After the birds leave the rehang area, the time is relatively short until chilling, and several different procedures occur, but there are no intervention steps along the way, other than potentially the use of water sprays. Therefore, we considered postevisceration to be the same sampling stage as prewashing and postwashing to be the same as prechilling. However, we did not consider postdefeathering and preevisceration the same because there are other steps, such as feet removal, followed by rehanging (manual in some cases), that occur between postdefeathering and preevisceration that could affect Campylobacter prevalence.
The change in prevalence between any 2 sampling points was calculated as the proportion of positive samples at the first sampling stage chronologically in the processing order minus the proportion of positive samples at the latter chronological sampling point. The use of the terms decrease and increase refer to the change in prevalence (or concentration) between 2 sampling points. For example, if the prevalence was 60% at the first sampling stage chronologically, and it was 40% at the latter chronological sampling point, the prevalence was considered to have decreased 20%. A further 18 citations were identified after searching the reference lists of the 3 most recent primary and review articles. In total, 1,734 abstracts were screened for relevance.
RESULTS

Literature
Of the 1,734 citations, 1,471 were excluded during relevance screening I because the citation did not describe primary (original) research (740 citations) or was not deemed to be relevant to the research as defined by the inclusion questions (731 citations). Of the 263 citations that passed relevance screening I, an additional 152 articles were excluded after obtaining the full article and applying relevance screening II. Articles were excluded because, upon examination of the full article, the article did not meet the relevance criteria (94 articles) or the article did not provide sufficient detail to allow quality assessment (4 articles). Six articles were excluded because a copy of the full article could not be obtained through the available library resources and 52 articles were excluded because they were not written in English.
The remaining 111 articles were deemed to be relevant to at least one of the 2 SR. Fifty-five articles reported prevalence-samples for the isolation of Campylobacter spp. from chickens or carcasses at more than one point during chicken processing. Of these 55 articles, 23 were excluded at the quality assessment stage because of the following: only environmental samples were taken (3 articles); it could not be determined at which stage(s) of processing sampling occurred (4 articles); samples were collected at multiple points, but only one point was during primary or secondary processing (8 articles); the prevalence estimates served only to provide a concurrent comparison group for an intervention trial (2 articles); the study's objective was to compare processing methods (1 article); the study's objective was to compare strains of Campylobacter (2 articles); and extractable data were not provided (3 articles). Thirty-two articles were deemed to provide sufficient information on multiple sampling points to be included for data extraction in this SR.
Characteristics of the Studies
The 32 studies were conducted worldwide, with the majority in the United States (40.6%) and Europe (34.4%). The studies were published between 1979 and 2007 (Table 1) . Sample sizes ranged from 5 to 16,532 chicken carcasses. Ten of the studies reported the age of the birds at slaughter (range 28 to 84 d); of these, most were between 5 and 8 wk of age. The youngest birds were from 1 US study that sampled 3 flocks of poussin, whereas the oldest were from studies conducted in the United States in the mid-1980s. Two studies included spent layers or parent stock, or both, although the age of these birds was not reported. Seven studies identified the number of farms the chickens originated from.
Seven studies reported using pooled samples, and of these, 5 used pooling for only some of the sample types (Table 1) . Thirty-one of 32 studies used conventional culture, and 1 study used PCR exclusively rather than conventional culture-based detection methods. Thirty of the 31 culture-based studies adequately presented their method of culturing Campylobacter in sufficient detail to be able to reproduce the study. The culture method was not described in 1 study (Karolyi et al., 2003) ; the authors cited another paper (Baumgart, 1997) , which was only available in German. There were differences among studies in the culture media used to detect Campylobacter. Of the 30 culture-based studies that presented their method of culturing, 14 studies reported using enrichment methods, and 16 studies used direct plating. Campylobacter jejuni and Campylobacter coli were identified separately in 10 studies (either overall or processing stage-specific), 11 studies isolated C. jejuni only, and the remainder did not specify the species.
Eighteen studies (56.3%) did not provide any information on the scalding process (Table 2) . Two studies included kosher broilers; thus, scalding was not part of the processing of the birds. Scalding temperatures ranged from 49 to 62°C.
Twenty-four studies (75.0%) reported the method of chilling (Table 2) ; water immersion chilling was assumed if terms such as "chill tank" or "immersion" were used to describe the chilling process. Three studies used air chilling exclusively, 18 used water immersion chilling exclusively, and 3 used both air and water immersion chilling; the latter occurred only in European studies. Air chilling was used in Europe (5 studies) and Asia (1 study). Water immersion chilling was the only method used in North America (13 studies), although it was also used in Europe (5 studies), Africa (1 study), Asia (1 study) and South America (1 study).
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Prevalence of Campylobacter at Various Stages of Processing
The prevalence of Campylobacter varied among studies and among stages of processing (Table 3) . However, prevalence in many studies was high, even at the later stages of processing. Campylobacter prevalence at the major stages of chicken processing was reported in 29 of 32 studies (Table 3) . A few studies sampled immediately before and after specific stages of processing; examination of the change in prevalence revealed relatively consistent trends for most stages (Figure 1) . For example, studies that sampled before and after scalding showed that the prevalence of Campylobacter decreased immediately after this process (2 studies; 20.0 and 40.0% decrease), whereas the prevalence increased after defeathering (4 studies; range 10.0 to 72.0% increase) and evisceration (1 study; 15.0% increase). Six studies sampled both before and after washing and there was inconsistency among studies; 2 studies showed an overall increase, 2 studies showed an overall decrease, and 2 studies reported no change in prevalence after this process (range: decrease of 23.0% to an increase of 13.3%). Six of 9 studies that sampled both before and after chilling demonstrated an overall decrease in the prevalence of Campylobacter (range: decrease of 100.0% to an increase of 26.6%).
Eleven studies reported the concentration of Campylobacter, as well as, or instead of, the prevalence. The concentration of Campylobacter before and after specific stages of processing, as well as the change in concentration, is presented in Table 4 . The unit of measurement for concentration was not consistent across studies; refer to Tables 4 and 5 for units for individual studies. The concentration decreased after scalding (3 studies; range: 1.3 cfu/g to 2.9 cfu/mL), evisceration (1 study; 0.3 cfu/g) , washing (5 studies; range: 0.3 to 1.1 cfu/mL), and chilling (8 studies; range: 0.2 cfu/g to 1.7 cfu/carcass) and increased after defeathering (5 studies; range: 0.4 cfu/g to 2.9 cfu/rnl.).
For the 2 studies that sampled before and after scalding, a description of the scalding process was provided. Although there are too few studies to state that a trend exists, the higher scalding temperature (58°C) resulted in a greater reduction in prevalence (40.0%) than the lower temperature (55.4°C, 20.0% reduction).
Six studies used more than one scalding temperature, either in different plants or on different lines within the same plant. For birds of the same age, 2 studies showed that the plant or line that used a higher scald water temperature had a higher prevalence of Campylobacter (Wempe et al., 1983; Rosenquist et al., 2006) , 1 study did not show a temperature-related trend in prevalence (Hartog et al., 1983) , and 1 study determined prevalence in only 1 of the 2 plants and thus a comparison could not be made (Oosterom et al., 1983) . For studies in which scald water temperature and age were highly correlated (i.e., higher temperatures were used for older birds), 1 study showed that the plant or line using a higher temperature had a higher prevalence of Campylobacier (Genigeorgis et al., 1986) , 1 study did not find a difference in prevalence (Baker et al., 1987) , and 1 study did not show a temperature-age trend in Campylobacier prevalence (Wempe et al., 1983 ).
There were 7 studies that measured prescald and postchill Campylobacter concentration levels and also reported scalding temperature (Table 5) . Regardless of scalding temperature, the majority of studies showed a decrease in concentration between the 2 stages. A temperature-related trend was evident, with scalding temperatures <55°C resulting in a decrease in concentration of~3.0 cfujg, whereas temperatures >55°C generally had larger decreases in concentration; although, differences in the unit of measurement (e.g., cfujg vs. cfujmL) necessitates interpreting trends with caution. However, despite the apparent benefit of higher scalding temperatures, the postchill concentration was comparable (generally between 1.0 and 2.0 cfujg or cfuj mL) for all 7 studies regardless of the prescald concentration or the scalding temperature used.
Data related to the chilling process were further divided into air chilling and water chill immersion, due to potential differences in the effectiveness of these methods at reducing the prevalence or concentration of Campylobacter. Of the 9 studies that estimated the prevalence of Campylobacter before and after chilling, 7 studies used water immersion chilling; the other 2 studies did not report the method of chilling. For the water immersion chilling studies, the change in prevalence ranged from a decrease of 100.0% to an increase of 26.6%. Six studies reported pre-and post-water immersion chilling concentrations; the change in concentration had a minimum decrease of log 0.8 cfujmL and a maximum decrease of log 1.7 cfujcarcass. Only 2 studies reported pre-and post-air chilling concentrations; the change in concentration had a minimum decrease of log 0.2 cfujg and a maximum decrease oflog 0.4 cfujg. The remaining studies either did not specify which chilling method was used or samples around chilling were not obtained.
The influence of carcass chilling on the prevalence of Campylobacter was examined by comparing results from postchill samples to samples collected earlier in the processing chain. Regardless of chilling method, of all 18 studies that sampled postchilling and at least once before that stage, 10 studies showed an overall decrease in prevalence, 7 studies showed an overall increase, and 1 study showed no change. Of the 8 studies that sampled at both prescalding and postchilling (6 water chilling and 2 methods not reported), 5 studies showed an overall decrease in prevalence, whereas 3 studies showed an overall increase. Of the 6 studies that sampled at both postchilling and at some point after evisceration (4 water chilling, 1 water and air chilling, and 1 method not reported), 4 studies showed an overall decrease and 2 studies had an overall increase. In conjunction with the generally high prevalence observed at the end of processing (Table 3) , these results suggest that although a relative reduction from entering slaughter to postchill, or even from evisceration to postchill, was observed in several studies, overall, we are not seeing good control of Campylobacter through processing. Further, there is a lack of evidence regarding the influence of air chilling on the prevalence of Campylobacter.
DISCUSSION
There are only a small number of studies that examined Campylobacter prevalence or concentration at multiple points during commercial chicken processing. These studies originated from countries in many parts of the world where production from farm to fork is likely to vary, as are the prevalence and concentration of Campylobacter. A formal meta-analysis was not performed because the laboratory methods and sample types differed greatly between studies. In conducting a descriptive evaluation of the results of the studies included in this SR, we have identified some consistent changes in the presence and concentration of Campylobacter on carcasses as they go through primary processing. Secondary processing was also within the scope of this SRi however, although a few studies sampled whole carcasses pre-or postpackaging, very few addressed Campylobacter prevalence during secondary processing.
The prevalence of Campylobacter generally decreased after scalding and chilling. Developed countries and HACCP programs already recognize counter-current and triple-tank scalders and chillers as necessary critical control points (CCP). Multiple-tank counter-flow scald systems expose chicken carcasses to progressively cleaner water with progressively higher temperatures (Cason et al., 2000) . Hinton et al. (2004a, b) showed that significantly fewer Campylobacter were recovered from the final tank of a multiple-tank counter-flow scald system (first tank 45.0°C, second tank 49.9°C, third tank 57.2°C) than from the first tank.
With respect to the effect of scald water temperature on the prevalence of Campylobacter, consistent trends were not evident, and it is difficult to draw conclusions from the available data in the literature because 1) few studies sampled immediately pre-and postscalding and 2) scald water temperatures were often correlated with age at slaughter, which might influence the initial load of bacteria entering the processing plant. For Campylobacter concentration, some of the effect of the larger decreases observed when scalding temperatures were above 55°C might largely be due to the influence of 2 studies (Hinton et al., 2004a, b) that used a multiple-tank counter-flow system composed of 3 adjacent tanks, with the temperature of the third tank of 57.2°C. Although small sample sizes and limited studies preclude making general conclusions regarding the effect of scalding temperature on Campylobacter levels, the overall reduction in concentration is a promising finding and requires further study.
The available literature consistently showed that the scalding and chilling processes decreased the concentration of Campylobacter on the carcasses. Wempe et al. (1983) recovered Campylobacter from all of the chill Juven and Rogol (1986) Test I (100.0) (100.0) Adesiyun et al. (1992) 48 water overflow samples and suggested that the chill tank represents a major area where cross-contamination can occur. Carcasses that enter the chill tank free of bacteria can become contaminated, whereas heavily contaminated carcasses might exit the tank with fewer bacteria (Wempe et al., 1983) . However, in their study, although the overall prevalence was slightly higher after chilling than before, the concentration of the organism on the carcasses was always decreased. With the evolution of chilling (i.e., triple tank, counter-current flow), it is not yet certain as to what role is played by cross-contamination between flocks or even individual birds, and further study is required in this area.
Air chilling and water immersion chilling are very different methods. Although based on results from only a few studies, there was evidence of heterogeneity in the effectiveness of these 2 methods. Water immersion chilling consistently resulted in a greater decrease in the concentration of Campylobacter than air chilling, despite the potential for cross-contamination in the chill tank.
For the water immersion chilling studies, the change in prevalence had a very wide range. It should be noted that the decrease of 100% was in a sample of 5 spent layers, and it must be emphasized that sample size should be taken into account when interpreting and summarizing the results. From the remaining water immersion studies (i.e., excluding the 100% decrease mentioned above), the maximum decrease in prevalence after chilling was 17.5%.
By contrast, the defeathering stage of chicken processing consistently increased the prevalence and level of Campylobacter contamination. In all studies that sampled immediately before and after defeathering, the prevalence of Campylobacter increased after the process. It is generally well accepted that contamination increases during defeathering, largely due to the escape of fecal material through the cloaca by the action of the picker fingers pressing on the abdomen. It has been suggested that during evisceration, the level of contact that occurs between the intestinal contents and the carcass can influence the prevalence of Campylobacter (Berrang et al., 2001) . It is unclear why there was a decreased concentration of Campylobacter after evisceration, other than to note that the one study that measured pre-and postevisceration counts had a relatively small sample size (total of 11 birds over 2 d). Improvements in defeathering and evisceration methods could reduce the amount of fecal contamination on the carcasses and cross-contamination between carcasses, resulting in a reduced Campylobacter load on carcasses undergoing subsequent reduction stages (final wash and chilling), which might improve the Campylobacter status of poultry end products. Additionally, although enumeration of Campylobacter was performed in a limited number of studies, there was evidence for an increase in the concentration of the bacteria on the carcasses after defeathering and a decrease after final washing and chilling (i.e., the stages subsequent to evisceration). Thus, from a public health perspective, focusing on postevisceration CCP might be most important in affecting the prevalence and concentration of Campylobacter on the end product.
A consistent trend in the effect of washing on the prevalence of Campylobacter was not demonstrated by the studies included in this SR, although there was a consistent trend of a decrease in the concentration of the bacteria after this process. However, some studies found an increase in prevalence after washing, which might be due to the possibility that water from the final carcass wash could trap bacteria within skin pockets or the abdominal cavity (Wempe et al., 1983) .
The ability to fully compare studies and explore the available data was limited by insufficient reporting of certain details. The age of the birds at slaughter was reported in approximately one-third of the studies. Additionally, the number of farms or lots the birds originated from was not commonly reported, which means the study prevalence results might be affected by the degree of Campylobacter colonization within the flock when it was shipped to market. In addition to initial infection, product contamination might be affected by the degree of cross-contamination occurring during processing because studies have documented that negative carcasses can become positive during processing. Herman et al. (2003) found that, of 18 flocks, 12 flocks were positive postevisceration (0/6 to 6/6 positive carcasses/flock), whereas 13 flocks were positive postchilling (0/30 to 30/30 or 0/60 to 60/60 positive carcasses/flock). A surveillance study in Sweden (Hansson et al., 2004) , which included 499 flocks slaughtered in 4,133 groups, found that 3 to 26% of 3,424 slaughter groups had positive prechill neck skin samples but negative prescald cloacal samples at the 9 different abattoirs (4 pooled cloacal samples were collected per slaughter group for a total of 16,532 cloacal samples, and 1 pooled neck skin sample was collected per slaughter group). In studies such as those conducted by Herman et al. (2003) and Hansson et al. (2004) , both sample size and variation in the level of contamination between the flocks could influence the prevalence of Campylobacter; hence, future studies should concurrently evaluate Campylobacter concentration to improve our understanding of the significance of cross-contamination on the final product. These points should be considered when comparing results from different studies. Future studies should strive to sample the birds upon arrival at the slaughter plant to determine the Campylobacter status of the flock [post-feed withdrawal and transport, which tend to increase the level and prevalence of contaminated birds (Byrd et al., 1998 ) that might not have been detected on-farm], the initial concentration of the bacteria (e.g., cloacal swabs collected at some point between hanging live birds and pres calding) , details pertaining to the slaughter order (e.g., first flock processed during the day vs. processing later in the day), and the number of lots sampled from each farm at each sampling time and point.
Hazard Analysis and Critical Control Point programs have been in place for some time now in most developed countries and are considered a global standard for producing safe food. Identification and reevaluation of CCP within the HACCP environment is integral in continuous adjustments and improvements to poultry processing. Thus, understanding the dynamics of Campylobacter on chicken carcasses during primary processing will help to identify control points where intervention efforts would be most effective in decreasing contamination of carcasses or preventing cross-contamination, or both, and ultimately producing a product with a lower risk of Campylobacter contamination. To identify potential CCP, it is recommended that future studies collect samples immediately before and after each stage of processing being studied and include a clear, concise description of the stages of commercial chicken processing being studied to investigate reasons for heterogeneity between studies. Seasonal variation of Campylobacter colonization in broiler chicken flocks has been shown by several researchers, with an increased on-farm prevalence during the warmer months of the year (Jacobs-Reitsma et al., 1994; Wedderkopp et al., 2000 Wedderkopp et al., , 2001 Heuer et al., 2001; Refregier-Petton et al., 2001; Bouwknegt et al., 2004) . Of the studies included in this SR, 15 studies included the months or time frame in which the samples were collected; however, of these, only 8 studies specified the season explicitly. It is unclear how prevalence fluctuations could affect a processing-level HACCP program other than its influence on the baseline load and prevalence of Campylobacter entering the plant. The process is unlikely to be adapted for different seasons. Consideration could be made for logistic slaughter based on onfarm Campylobacter testing and initiation of frequent testing and replacement of contaminated water in the plant to help offset potential seasonal and unexpected variability of Campylobacter in the broiler population entering slaughter. To better understand the inherent seasonal pattern and its effect, if any, on the change in prevalence during processing, it is suggested that future studies explicitly state when samples were collected and account for seasonal or temporal variation when samples are collected over time.
There was a large variation in Campylobacter culture methodology and none of the studies reported sensitivity and specificity of their culture method or agreement between different methods. This might have influenced individual study results and the degree of heterogeneity among results from different studies. Because Campylobacter can be difficult to culture (i.e., low sensitivity; Woldemariam et al., 2008) , a negative result could be either a true negative sample or could represent a false negative. Direct plating has recently been shown to greatly underestimate Campylobacter prevalence of postchill broiler carcass rinsates Richardson et al., 2009 ). However, the postchill prevalence was relatively high (> 70%) for 6 of the 9 studies that used direct plating versus 4 of 8 studies that used enumeration. Enrichment could underestimate prevalence from cecal or prechill samples where typically a large amount of background flora is present. However, for samples collected upon entering processing (prescald), the range in prevalence was similar for studies that used enrichment and those that used direct plating, making it difficult to draw conclusions about the effect of culture methodology on Campylobacter prevalence. The Standards Unit of the Health Protection Agency has recommended a national standard for microbiological methods for many bacterial species, including Campylobacter (Health Protection Agency, 2007). Therefore, contingent on the purpose of the study (qualitative vs. enumeration), it is recommended that standardized methods be followed to ensure that results are comparable. The available evidence in the scientific literature from studies conducted around the world shows that the prevalence of Campylobacter on chicken carcasses during processing is generally high, even late in the processing chain. However, consistent changes in the presence and concentration of Campylobacter are evident. Specifically, the prevalence decreases after scalding and chilling and increases after defeathering and evisceration. Similarly, the concentration of Campylobacier decreases after scalding, washing, and chilling and increases after defeathering. The purpose of this review was to examine the evidence for controlling Campylobacter spp. on raw chicken products at processing, and although several consistencies were identified, many gaps in our knowledge remain. Understanding how the prevalence and concentration of Campylobacter changes as carcasses progress through processing will help researchers and program developers identify points that might negate prior intervention efforts (e.g., before evisceration) and points where new or enhanced interventions might be most effective. Future studies should strive to provide adequate details to allow comparison of studies and to summarize the available data quantitatively.
